1. Introduction {#sec1-molecules-25-01433}
===============

The skin is a barrier separating the body from the external environment. It serves very important functions for our body. In addition to protecting the body against water loss and infections of microorganisms, it plays an important cosmetic role. The development of medical sciences and work on improving skin care methods have resulted, among other things, in the use of ectoine in products for daily skin care, both in healthy people and people with atopic skin or other diseases \[[@B1-molecules-25-01433],[@B2-molecules-25-01433],[@B3-molecules-25-01433]\].

Ectoine is a rare amino acid, 1,4,5,6-tetrahydro-2-methyl-4-pyrimidine carboxylic acid of an amphoteric nature, produced by bacteria living in harsh environments called extremophiles. This substance is one of the osmoprotectants, synthesized by microorganisms in order to protect against various types of environmental stress. Studies have shown that ectoine protects epithelial cells, stabilizes cell membranes, moisturizes the skin and reduces inflammation \[[@B3-molecules-25-01433],[@B4-molecules-25-01433],[@B5-molecules-25-01433],[@B6-molecules-25-01433]\].

Ectoine and its derivatives limit the action of hydroxyl radicals and also reduce the oxidative damage to mitochondrial DNA in human skin fibroblast cells caused by UVA radiation. Moreover, they exhibit antioxidant activity on protein structures. Studies have shown that in the free radical oxidation process ectoine can act protecting on the lactate dehydrogenase. Due to the strong water binding activity in the cell and the protective effect on protein cell structures, ectoine can be particularly useful in preventing the drying of the skin, which can lead to its premature aging. This compound prevents water loss from cells, regulates their turgor without interfering with metabolism. The moisturizing effect of ectoine, as well as its protective effect on skin cells in case of sudden stress caused by lack of water, have also been demonstrated. Research conducted by Graf et al. has shown that ectoine reduces transepidermal water loss (TEWL) and has a short-lasting moisturizing effect on the skin \[[@B1-molecules-25-01433],[@B2-molecules-25-01433],[@B3-molecules-25-01433]\].

Ectoine is used more and more often as an active ingredient in cleaning agents. Frequent use of cleaning agents destroys the lipid layer and accelerates skin aging. It has been shown that ectoine and its derivatives play a protective role during the washing process. They contribute to the stabilization of intracellular proteins, improve the hydration of hydrophobic macromolecules and have a protective effect on the cell membrane \[[@B1-molecules-25-01433],[@B7-molecules-25-01433]\].

Due to its high effectiveness, ectoine can be broadly applied in cosmetics where it can be added as an active ingredient to cleansing products, moisturizing creams or products that protect the skin against UV radiation and the effect of premature skin photoaging \[[@B2-molecules-25-01433],[@B8-molecules-25-01433],[@B9-molecules-25-01433],[@B10-molecules-25-01433]\].

In this study, an attempt was made to assess the biochemical and cytotoxic properties of ectoine and determined its effect on the irritating potential of prototype body wash gels. The antioxidant potential of the tested products was determined and their effect on the proliferation of keratinocytes and fibroblasts was assessed. In addition, the formula for a natural body wash gel was developed. For each of the preparations, the irritant potential was determined by determining the zein test and testing the solubility of model sebum.

2. Result and Discussion {#sec2-molecules-25-01433}
========================

2.1. Determination of Irritant Potential {#sec2dot1-molecules-25-01433}
----------------------------------------

The most disadvantage of using cleansing cosmetics is their ability to cause skin irritations. Surfactants---the main ingredients of this product group---are responsible for this process \[[@B11-molecules-25-01433],[@B12-molecules-25-01433],[@B13-molecules-25-01433],[@B14-molecules-25-01433],[@B15-molecules-25-01433],[@B16-molecules-25-01433],[@B17-molecules-25-01433],[@B18-molecules-25-01433],[@B19-molecules-25-01433],[@B20-molecules-25-01433],[@B21-molecules-25-01433],[@B22-molecules-25-01433],[@B23-molecules-25-01433],[@B24-molecules-25-01433],[@B25-molecules-25-01433]\]. Anionic surfactants have the strongest ability to cause irritations because they bind to protein molecules through strong ionic bonds. On the other hand, nonionic surfactants have the lowest ability to cause skin irritations. They interact with skin protein molecules through weak hydrogen bonds \[[@B11-molecules-25-01433],[@B12-molecules-25-01433],[@B13-molecules-25-01433],[@B14-molecules-25-01433],[@B15-molecules-25-01433],[@B16-molecules-25-01433],[@B19-molecules-25-01433],[@B20-molecules-25-01433],[@B21-molecules-25-01433],[@B22-molecules-25-01433],[@B23-molecules-25-01433],[@B24-molecules-25-01433],[@B25-molecules-25-01433],[@B26-molecules-25-01433]\]. The interaction of surfactants with skin proteins is only one of the mechanisms of skin irritation postulated in the literature, but these interactions play a major role in this process. Surfactants can also interact with a components of intercellular lipids and sebum, as well as with live skin cells. The irritant potential of surfactants should be considered in all of these areas \[[@B11-molecules-25-01433],[@B12-molecules-25-01433],[@B13-molecules-25-01433],[@B14-molecules-25-01433],[@B15-molecules-25-01433],[@B16-molecules-25-01433]\].

In this study, the effect of the addition of ectoine to 1 wt.% aqueous anionic surfactant solutions on their irritant potential was analyzed. Zein number (or zein value) analyses (interaction of surfactants with skin proteins), the ability to solubilize of model sebum (interaction with lipids) and cytotoxicity studies (interaction with skin cells) were performed for all analyzed systems. In addition, antioxidant properties were determined. The results are presented on [Figure 1](#molecules-25-01433-f001){ref-type="fig"}, [Figure 2](#molecules-25-01433-f002){ref-type="fig"}, [Figure 3](#molecules-25-01433-f003){ref-type="fig"}, [Figure 4](#molecules-25-01433-f004){ref-type="fig"}, [Figure 5](#molecules-25-01433-f005){ref-type="fig"}, [Figure 6](#molecules-25-01433-f006){ref-type="fig"} and [Figure 7](#molecules-25-01433-f007){ref-type="fig"}.

A significant decrease in the zein value (ZV) was observed after adding ectoine to model anionic surfactant solutions (*p* \< 0.05). The highest values were obtained for sodium lauryl sulfate (SLS) and sodium coco sulfate (SCS) solutions (572 and 455 mg N/100 mL, respectively), while lower values of ZV were observed for sodium laureth sulfate (SLES) and Sodium lauroyl sarcosinate (SARKO) solutions (276 and 321 mg N/100 mL). These results are consistent with the literature data \[[@B11-molecules-25-01433],[@B12-molecules-25-01433],[@B13-molecules-25-01433],[@B14-molecules-25-01433],[@B15-molecules-25-01433],[@B16-molecules-25-01433],[@B17-molecules-25-01433],[@B18-molecules-25-01433],[@B19-molecules-25-01433],[@B20-molecules-25-01433],[@B21-molecules-25-01433],[@B22-molecules-25-01433],[@B23-molecules-25-01433],[@B24-molecules-25-01433],[@B25-molecules-25-01433],[@B26-molecules-25-01433],[@B27-molecules-25-01433],[@B28-molecules-25-01433],[@B29-molecules-25-01433]\]. Surfactant solutions with ectoine are characterized by much lower values of the zein value (ZV). In the case of sodium lauryl sulfate + ectoine and sodium coco sulfate + ectoine solutions (SLS + E and SCS + E, respectively), the decrease of the irritant potential was about 12% and 20%, respectively. A much higher ability of ectoine to reduce ZV was observed for sodium laureth sulfate + ectoine and sodium lauroyl sarcosinate + ectoine (SLES + E and SARKO + E) solutions. For these systems, the decrease of the irritant potential was about 30% compared to solutions without ectoine. According to the literature data \[[@B12-molecules-25-01433],[@B14-molecules-25-01433],[@B20-molecules-25-01433],[@B21-molecules-25-01433],[@B22-molecules-25-01433],[@B23-molecules-25-01433],[@B24-molecules-25-01433],[@B25-molecules-25-01433],[@B26-molecules-25-01433]\] the irritant potential of cleansing cosmetics can be predicted from zein value. If the value is above 400 mg N/100 mL-, cosmetics are classified as strongly irritant to the skin; in the range of 200--400 mg N/100 mL-, moderately irritant; and below 200 mg N/100 mL, non-irritant.

Surfactants--skin protein interactions are indicated as the main mechanism leading to skin irritations. The strongest ability to bind with proteins is demonstrated by single molecules of surfactants (monomers). It is confirmed by the results, which indicate that the strongest adsorption of surfactants with protein molecules occurs before reaching the critical micellization concentration (CMC) \[[@B12-molecules-25-01433],[@B14-molecules-25-01433],[@B15-molecules-25-01433],[@B16-molecules-25-01433],[@B27-molecules-25-01433],[@B28-molecules-25-01433],[@B29-molecules-25-01433]\]. The power of irritant potential is proportional to the type of surfactant, molecule structure, surfactant concentration and the contact time with surfactants \[[@B11-molecules-25-01433],[@B12-molecules-25-01433],[@B13-molecules-25-01433],[@B14-molecules-25-01433]\]. After exceeding CMC, surfactant micelles formed in the solution have a significantly lower irritant potential. However, surfactant monomers released from the micelle structures may induce the occurrence of irritation. Only micelles with very small sizes (as in the case of SLS) can penetrate the skin pores and show high irritating potential \[[@B11-molecules-25-01433],[@B12-molecules-25-01433],[@B13-molecules-25-01433],[@B14-molecules-25-01433],[@B15-molecules-25-01433],[@B16-molecules-25-01433]\]. As the literature data show, the reduction of the irritant potential of anionic surfactants occurs after the introduction of polymers, protein hydrolysates, plant extracts and other types of surfactants, e.g., amphoteric, cationic or nonionic into their solutions \[[@B11-molecules-25-01433],[@B12-molecules-25-01433],[@B13-molecules-25-01433],[@B14-molecules-25-01433],[@B15-molecules-25-01433],[@B16-molecules-25-01433],[@B17-molecules-25-01433],[@B18-molecules-25-01433],[@B19-molecules-25-01433],[@B20-molecules-25-01433],[@B21-molecules-25-01433],[@B22-molecules-25-01433],[@B23-molecules-25-01433],[@B24-molecules-25-01433],[@B25-molecules-25-01433],[@B26-molecules-25-01433]\].

As an amphoteric amino acid, ectoine will be able to interact with micelles formed in solutions \[[@B1-molecules-25-01433],[@B2-molecules-25-01433],[@B3-molecules-25-01433],[@B30-molecules-25-01433]\]. Much literature data show that surfactant--amino acid interactions reduce the CMC of surfactants and increase the size of micelles formed in the solutions \[[@B27-molecules-25-01433],[@B28-molecules-25-01433],[@B29-molecules-25-01433]\]. Changes in these parameters cause an increase in the stability of the micelles. The number of monomers released from the micelles decreases, and thus the irritant potential of surfactants is reduced (lower number of the monomers is noted in the bulk phase of the solution) \[[@B11-molecules-25-01433],[@B12-molecules-25-01433],[@B13-molecules-25-01433],[@B14-molecules-25-01433],[@B27-molecules-25-01433],[@B28-molecules-25-01433],[@B29-molecules-25-01433]\]. Under conditions of our study (acid solutions), ectoine will be in the cationic form. Incorporation of this form of ectoine (strongly hydrated by water molecules) into the micelle structure will additionally stabilize the micelles of anionic surfactants by increasing the interaction of hydrophilic parts of these compounds and increasing the size of micelles. The protein--ectoine and surfactant--ectoine interactions have been previous studied \[[@B1-molecules-25-01433],[@B2-molecules-25-01433],[@B3-molecules-25-01433],[@B4-molecules-25-01433],[@B31-molecules-25-01433]\]. The presence of ectoine in protein solutions causes the formation of a hydration shell on their surface. In addition, the volume occupied by protein molecules is reduced, which reduce the contact surface between proteins and solution components \[[@B1-molecules-25-01433],[@B2-molecules-25-01433],[@B3-molecules-25-01433],[@B7-molecules-25-01433]\]. The reduction of irritant potential in the surfactant--ectoine solutions will be also caused by the protective effect of ectoine on zein. Reducing the contact surface of the protein molecule with the surfactant molecules will reduce the solubilization of the protein in ectoine-surfactant solutions.

In the next stage of research, the ability to solubilize model sebum by model systems was assessed. It was shown that the addition of ectoine to solutions of anionic surfactants slightly reduces their ability to remove sebum from the skin surface and solubilize intercellular lipids components. Statistically significant differences (*p* \< 0.05) were noted for SLS, SCS as well as SARKO and SLES, for which the solubilization ability differed slightly. The value of the analyzed parameter was at the level of 4.5--5.5% and the power of the analyzed anionic surfactants to solubilization of the model sebum can be represented by: SCS \> SLS \> SLES \> SARKO. The introduction of ectoine into surfactant solutions reduces the solubilization ability from about 10% (SARKO + E, SLES + E) to about 20% (SLS + E), in relation to surfactant alone solutions. The ability to solubilization of sebum and dissolve the components of the intercellular lipid components is one of the mechanisms potentially leading to skin irritation. Removal of sebum from the skin surface and change in the structure of intercellular lipid increase the amount of water removed from the surface layers of the epidermis (TEWL). In turn, the increase in TEWL leads to a disorder of the skin's barrier function, allowing penetration into deeper layers of the epidermis of a various types of factors that may cause irritation \[[@B11-molecules-25-01433],[@B12-molecules-25-01433],[@B13-molecules-25-01433]\]. Ananthapadmanabhan et al. \[[@B32-molecules-25-01433],[@B33-molecules-25-01433]\] have been shown that the composition of surfactants in the formulations of a cleansing cosmetics significantly affects the ability of the system to damage the hydrolipidic barrier. For example, SLES solutions containing of amphoteric surfactant cocamidopropyl betaine (2:1 ratio) have a stronger ability to dissolution of the skin lipids than the solution of SLS \[[@B32-molecules-25-01433],[@B33-molecules-25-01433]\]. On the other hand, the addition of cationic amphiphilic polymers reduces the solubilization ability of anionic surfactants \[[@B26-molecules-25-01433]\].

Free radicals are important factors that may influence the change in the structure of intercellular lipids, and thereby damage the barrier function of the skin. They may lead to irritations or skin inflammations \[[@B11-molecules-25-01433],[@B12-molecules-25-01433],[@B34-molecules-25-01433],[@B35-molecules-25-01433]\]. Free radicals have the ability to oxidize components of intercellular lipid and sebum, especially cholesterol, squalene and other unsaturated compounds. Products of the lipid oxidation process cause damage of the liquid crystal structure of the skin leading to a decrease in its integrity and liquefaction. Reduction of the skin barrier function results in an increase of TEWL and leads to easier penetration of an irritant factors into deeper layers of the skin. The protective effect of ectoine in combination with SLS has been previously studied \[[@B1-molecules-25-01433],[@B2-molecules-25-01433],[@B3-molecules-25-01433],[@B4-molecules-25-01433],[@B10-molecules-25-01433],[@B30-molecules-25-01433]\]. The addition of ectoine to the SLS solution was shown to have a strong protective effects, minimizing cell damage and reducing the TEWL or drying potential of the surfactant \[[@B1-molecules-25-01433],[@B2-molecules-25-01433],[@B3-molecules-25-01433],[@B4-molecules-25-01433],[@B10-molecules-25-01433],[@B17-molecules-25-01433],[@B24-molecules-25-01433],[@B34-molecules-25-01433],[@B35-molecules-25-01433]\].

In this study, the antioxidant ability of the analyzed anionic surfactants, ectoine aqueous solutions and ectoine solutions with surfactants was determined. The obtained results indicate that both ectoine as well as SLS and SCS solutions do not show antioxidant potential towards the DPPH radical (around 1%). For the SLES solution, a pro-oxidative effect was found. Only for the SARKO solution, an antioxidant potential of around 8% was noted. Sarcosinates are surfactants obtained from sarcosine---an amino acid---which has antioxidant activity \[[@B12-molecules-25-01433],[@B14-molecules-25-01433]\]. The addition of ectoine to the surfactant solutions significantly increased the antioxidant activity of surfactant solutions by about 200--300% in relation to the surfactant alone solutions. A mechanism characteristic for polyphenolic compounds should be expected (formation of a more stable radical of the antioxidant molecule and destabilization of the reactive DPPH radical). Activation of the ectoine molecules by increase of its hydrophobically in the ectoine-surfactant complexes solution may lead to increase of antioxidant activity of ectoine. Literature data show that increase of hydrophobically of amino acids leads to increase of antioxidant properties \[[@B36-molecules-25-01433],[@B37-molecules-25-01433],[@B38-molecules-25-01433],[@B39-molecules-25-01433],[@B40-molecules-25-01433],[@B41-molecules-25-01433],[@B42-molecules-25-01433],[@B43-molecules-25-01433],[@B44-molecules-25-01433]\].

2.2. Cytotoxicity {#sec2dot2-molecules-25-01433}
-----------------

Analysis of the cytotoxic effect of the tested surfactants on human skin cells---fibroblasts and keratinocytes demonstrated differences in the toxic effects between individual surfactants. The obtained results clearly showed that the time of cell exposure to surfactants has a key impact on the effect of their action. The conducted assays indicated that the tested surfactants in the applied concentration range (0.1--2.5%) after 1 h incubation stimulated both keratinocyte and fibroblast activity. The increase in cell metabolic activity was greatest for SLS and was about 30% for both cell types at a concentration of 0.1%. Higher surfactant concentrations also stimulated cell activity, but to a lesser extent. As the surfactant concentration increased, cell activity decreased ([Figure 4](#molecules-25-01433-f004){ref-type="fig"}A and [Figure 5](#molecules-25-01433-f005){ref-type="fig"}A). Different results were observed after 24 h of exposure of test cells to surfactants. After this time, a significant cytotoxic effect was observed on both cell lines for all four types of surfactants. The results of the conducted analyses indicate that the tested compounds show slightly higher toxicity towards HaCaT cells than fibroblasts. In the case of fibroblasts, the weakest cytotoxic activity was demonstrated by SARKO and SLS, while in the case of HaCaT cells the weakest effect was shown by SLS. Similarly to 1 h incubation, the cytotoxic effect closely depended on the concentration of surfactant and increases with increasing concentration. A particularly strong cytotoxic effect was observed in the case of keratinocytes, in which all surfactants used except SLS resulted in an over 80% decrease in the metabolic activity of cells ([Figure 4](#molecules-25-01433-f004){ref-type="fig"}B and [Figure 5](#molecules-25-01433-f005){ref-type="fig"}B).

As part of the study, the effect of the compound of natural origin---ectoine---was also examined. The results of experiments assessing the effect of its various concentrations (0.1--2.5%) on both cell lines show that this compound has a positive effect on the viability of both fibroblasts and keratinocytes. All the tested concentrations increased the metabolic activity of these cells. As part of the study, an assessment was also made of the appropriateness of using a combination of surfactants and ectoine. Thus, the viability of both cell lines treated with test surfactants in combination with 2.5% ectoine was tested. The ectoine concentration was selected on the basis of research showing the positive impact of this concentration and the recommendations of cosmetics manufacturers regarding the concentration of this substance in cosmetics intended for people with atopy problems. Results obtained indicate that ectoine significantly reduces the cytotoxic effect of surfactants on skin cells. The increase in cell viability compared to the use of surfactants alone after 1 h incubation was about 10--15% ([Figure 6](#molecules-25-01433-f006){ref-type="fig"}A and [Figure 7](#molecules-25-01433-f007){ref-type="fig"}A). A strong effect of reducing the cytotoxic activity of the tested surfactants by using 2.5% ectoine was observed after 24 h of incubation of cells with surfactants. In the case of analyses carried out on fibroblasts, ectoine was shown to be able to increase the viability of these cells by up to 120% at SLS concentrations below 1%. The use of this compound eliminated the cytotoxic effect of all SLES and SLS concentrations tested and the lowest SCS and SARKO concentrations tested ([Figure 6](#molecules-25-01433-f006){ref-type="fig"}B).

In the case of keratinocytes, which turned out to be more sensitive to the effect of surfactants, the addition of 2.5% ectoine also significantly reduced their cytotoxic effect. A particularly strong effect was observed for SLES and SCS, where the increase in cell activity reached up to 60% ([Figure 7](#molecules-25-01433-f007){ref-type="fig"}B).

Skin cells, both keratinocytes and fibroblasts, are heavily exposed to surfactants present in cosmetic preparations. According to literature reports, their long-term use causes skin irritation and leads to various damages to its structure. These agents may affect the enzymatic activity, which may result in various disorders of the function and structure of this organ \[[@B45-molecules-25-01433]\]. In our previous studies, using SLES and SCS, we have shown that anionic surfactants at low concentrations and after a short incubation time can stimulate the metabolic activity of HaCaT cells, while higher concentrations and longer exposure times have a cytotoxic effect \[[@B20-molecules-25-01433]\]. The same results have been confirmed for all four compounds tested in this study, both in the case of keratinocytes and fibroblasts. The stimulating effect of low SLS concentrations (below 0.06 mg/mL) on the growth of fibroblasts was also confirmed by Benoit et al. who pointed to the concentration-dependent cytotoxic effect of this agent \[[@B46-molecules-25-01433]\]. High SLS toxicity to keratinocytes has been demonstrated by Bigliardi et al. who showed toxic effects on keratinocytes above 3 µg/mg and a proproliferative effect at low concentrations of this anionic surfactant \[[@B47-molecules-25-01433]\]. Literature data indicate that low concentrations of free radicals can increase cell proliferation and metabolic activity by activating cellular defense and repair mechanisms \[[@B48-molecules-25-01433],[@B49-molecules-25-01433]\]. Due to the fact that Mizutani et al. demonstrated that anionic surfactants such as SLS can stimulate the production of reactive oxygen species, the increase in the proliferation of keratinocytes and fibroblasts treated with the surfactants may result from the production of small amounts of free radicals by these cells as a result of their exposure to these agents \[[@B50-molecules-25-01433]\]. The decrease in the activity of the tested cells caused by the longer exposure time and higher concentrations of the analyzed surfactants may be due to the formation of a large number of free radicals, which causes a cytotoxic effect \[[@B51-molecules-25-01433]\]. The effect of the tested surfactants on cells is most often associated with the formation of ionic bonds between cell membranes and anionic surfactants. The result is the formation of structural changes in the plasma membrane and conformational changes of membrane proteins. Perhaps lipids, which are an extremely important component of cell membranes, are also involved in this process \[[@B52-molecules-25-01433]\]. Other authors report that inactivation of cell oxidative functions by surfactants such as SLS may be due to changes in cell surface charge \[[@B53-molecules-25-01433]\]. Damage to cells exposed to anionic surfactants, e.g., SLS, is associated with their cytolytic effect \[[@B54-molecules-25-01433]\]. It should be noted here that the effect of surfactants largely depends on their chemical structure, the length of the surfactant tail as well as the nature of the charged head group \[[@B52-molecules-25-01433]\]. Probable lytic effect on cells is associated with the adsorption of surfactant on the surface of the membrane and its penetration. This results in changes in molecular organization that contribute to changes in membrane permeability \[[@B52-molecules-25-01433],[@B55-molecules-25-01433]\]. The reduction of the cytotoxic effect of the tested surfactants by the use of ectoine may result from the fact that it can accumulate within the cells without interfering with the cellular processes. It is also able to protect cells against oxidative and osmotic stress, which can stimulate proliferation and increase metabolic activity of cells, e.g., by protecting cell membranes and stabilizing enzymatic activity \[[@B1-molecules-25-01433],[@B2-molecules-25-01433]\].

3. Materials and Methods {#sec3-molecules-25-01433}
========================

3.1. Materials {#sec3dot1-molecules-25-01433}
--------------

Raw materials used in the commercial cosmetic products were used to develop the body wash gels: sodium laureth-2 sulfate (trade name Brensurf 25; supplier Brenntag, Warsaw, Poland), sodium lauryl sulfate (Rosulfan L, PCC Exol, Brzeg Dolny, Poland), sodium coco sulfate (Sulfopon C1216, BASF, Ludwigshafen, Germany), sodium lauroyl sarcosinate (Crodasinic LS30, Croda, Snaith, Great Britain), Ectoin (RonaCare Ectoin, Merck, Darmstadt, Germany), citric acid (citric acid, Chempur, Piekary Śląskie, Poland) and Milli-Q water. The formulations of analyzed solutions is presented in [Table 1](#molecules-25-01433-t001){ref-type="table"}. A representative concentration of 1 wt.% of surfactants was selected for the study. Cleansing cosmetics available on the market contain about 10--15% surfactants, but they are diluted with water during the cleaning process.

In the physico-chemical tests were used: zein from corn (zein, Sigma Aldrich, Saint Louis, MO, USA), potassium sulfate (Chempur, Piekary Śląskie, Poland), copper sulfate pentahydrate (Chempur, Piekary Śląskie, Poland), sulfuric acid 98% (Chempur, Piekary Śląskie, Poland), Tashiro indicator (Chempur, Piekary Śląskie, Poland), sodium hydroxide, citric acid (Chempur, Piekary Śląskie, Poland). All reagents were analytical grade.

3.2. Methods {#sec3dot2-molecules-25-01433}
------------

### 3.2.1. Solubility of Model Sebum {#sec3dot2dot1-molecules-25-01433}

Five grams of stearic acid and 0.5 g of a mixture of cholesterol and ceramides (Bio-Ceramidyl Pure) was mixed with 100 mL of samples. The mixtures were shaken on a shaker with water bath (24 h at 25 °C). After 24 h the solutions were filtered on Whatman No. 1 filters. The filters were then washed repeatedly with demineralized water and dried. The amount of solubilized stearic acid was determined gravimetrically \[[@B32-molecules-25-01433],[@B33-molecules-25-01433]\]. The values presented in the figures represent average values obtained from five independent measurements.

### 3.2.2. Determination of Irritant Potential--Zein Volume {#sec3dot2dot2-molecules-25-01433}

Irritant potential of the products was measured using zein test \[[@B27-molecules-25-01433],[@B28-molecules-25-01433],[@B29-molecules-25-01433]\]. In a solution of surfactants, the zein protein denatures and then dissolves in the solution. This process simulates the behavior of surfactants towards skin proteins.

To 40 mL of samples (surfactants and mixtures of surfactants with ectoine), 2 ± 0.05 g of zein from corn was added. The solutions with zein were shaken in a shaker with water bath (60 min. at 35 °C). The solutions were filtered on Whatman No. 1 filters and then centrifuged at 5000 rpm for 10 min. The nitrogen content in the solutions was determined by Kjeldahl method. One milliliter of the filtrate was mineralized in sulfuric acid (98%) containing copper sulphate pentahydrate and potassium sulphate. After mineralization, the solution was transferred (with 50 mL of Milli-Q water) into the flask of the Wagner--Parnas apparatus. In the next step, 20 mL of sodium hydroxide (25 wt.%) was added. The released ammonia was distilled with steam. Ammonia was bound by sulfuric acid (5 mL of 0.1 N H~2~SO~4~) in the receiver of the Wagner--Parnas apparatus. The unbound sulfuric acid was titrated with 0.1 N sodium hydroxide. Tashiro solution was used as an indicator. The zein number (ZN) was calculated from the equation: where V1 is the volume (cm^3^) of sodium hydroxide used for titration of the sample. The final result was the arithmetic mean of five independent measurements.

### 3.2.3. DPPH Radical Scavenging Assay {#sec3dot2dot3-molecules-25-01433}

The antioxidant activity of the model solutions (surfactants and mixtures of surfactants with ectoine) was analyzed using DPPH free radical scavenging assay, according to the method described by Brand-Williams et al. \[[@B11-molecules-25-01433]\]. 100 µL of 4 mM ethanol solution of DPPH was mixed with 100 µL of analysis samples (1% aqueous solutions of surfactants and 1% aqueous solutions of surfactants with 2.5% of ectoine). The absorbance was measured at λ = 516 nm after 30 min using UV-Vis spectrophotometer Filter Max 5 (Thermo Scientific). DPPH solution mixed with equal volume of distilled water was served as a control. The percentage of the DPPH radical scavenging were calculated using the equation:

The final result was the arithmetic mean of five independent measurements.

### 3.2.4. Cell Culture {#sec3dot2dot4-molecules-25-01433}

Cytotoxicity studies of the tested surfactants and ectoine were performed on two cell lines: human fibroblasts (BJ) and keratinocytes (HaCaT). Fibroblasts (ATCC^®^ CRL-2522 ™) and HaCaT (CLS--Cell Line Services GmbH, Germany) were obtained from the American Type Culture Collection (Manassas, VA 20108, USA). Both cell lines were maintained in DMEM (Modified Dulbecco's Essential Medium, Corning) with L-glutamine, 4.5 g/L glucose, sodium pyruvate, supplemented with 10% FBS (fetal bovine serum, Gibco) and 1% antibiotics (100 U/mL penicillin and 1000 μg/mL streptomycin, Gibco). Cells were cultured in an incubator at 37 °C in a humid atmosphere of 95% air and 5% carbon dioxide (CO~2~). After the cells reached the appropriate confluence, the adherent cells were trypsinized with 0.25% trypsin/EDTA (Gibco) and seeded into 96-well plates. Cells, both fibroblasts and keratinocytes, were exposed to various concentrations (0.1%, 0.5%, 1% and 2.5%) of the tested surfactants (SLES, SAR, SLS, SDS) and ectoine separately or in combination of individual surfactants with 2.5% ectoine. Test compounds were dissolved in DMEM medium.

### 3.2.5. Cell Viability Assay {#sec3dot2dot5-molecules-25-01433}

In order to assess the viability of fibroblasts and HaCaT cells treated with surfactants and ectoine in vitro, a neutral red uptake assay was performed. This test is based on the ability of living cells to bind neutral red dye in lysosomes. By changing the amount of dye bound by the cells, it is possible to assess the cytotoxic activity of the compounds tested in vitro.

Cells were seeded in 96 well plates at a density of 1 × 10^4^ cells/well with fresh DMEM medium. After 24 h of culture, the medium was replaced with various concentrations (0.1%, 0.5%, 1% and 2.5%) of the four tested surfactants and/or ectoine and cultured for 1 and 24 h. The control group were cells cultured in DMEM medium without the addition of test substances. After this time, both cell lines were incubated for 2 h with a neutral red dye (40 µg/mL) dissolved in FBS-free DMEM medium. Then the cells were washed twice with phosphate buffered saline (PBS) and 150 µL destain solution (EtOH/AcCOOH/H~2~O 2.50%/1%/49%) was added to each well. The plates were gently shaken for 15 min until a neutral red was extracted from the cells and formed a homogeneous solution. Neutral red dye uptake was determined by measuring the optical density (OD) of the eluted dye at 540 nm in microtiter plate reader spectrophotometer FilterMax F5 (Thermo Fisher, Waltham, Middx, USA). As part of the cytotoxic study, three independent experiments in four replications were carried out for each surfactant and/or ectoine concentration. Cell viability is presented as a percentage of the control value (100%), i.e., cells not treated with test compounds.

### 3.2.6. Statistical Analysis {#sec3dot2dot6-molecules-25-01433}

Obtained values were presented as a mean ± SD. Significant differences between obtained values were analyzed using StatSoft, Statistica 9.0 using One-way ANOVA and Tukey's test. Differences were considered significant when *p* \< 0.05. Statistically significant differences are marked on the charts with letters. Statistically significant differences were marked with different letters.

**Sample Availability:** The tested samples are available from the authors.
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![Ability to solubilization of model sebum of 2.5 wt.% ectoine (E), 1 wt.% anionic surfactant solutions (SLS, SCS, SLES and SARKO) and 1 wt.% surfactants solutions combined with 2,5 wt.% of ectoine. Different letters on the charts indicate significant differences between groups (*p* \< 0.05), number of repetitions: 5.](molecules-25-01433-g002){#molecules-25-01433-f002}
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![The effect of different concentrations (0.1%, 0.5%, 1% and 2.5%) of four types of surfactants (SLES, SCS, SARKO and SLS) and ectoine on neutral red dye uptake in cultured fibroblasts after 1 (**A**) and 24 (**B**) hours of exposure. Data are the mean of four independent experiments, each consisting of three replicates per treatment group. Different letters on the charts indicate significant differences between groups (*p* \< 0.05), number of repetitions: 12.](molecules-25-01433-g004){#molecules-25-01433-f004}

![The effect of different concentrations (0.1%, 0.5%, 1% and 2.5%) of four types of surfactants (SLES, SCS, SARKO and SLS) and ectoine on neutral red dye uptake in cultured HaCaT cells after 1 (**A**) and 24 (**B**) hours of exposure. Data are the mean of four independent experiments, each consisting of three replicates per treatment group. Different letters on the charts indicate significant differences between groups (*p* \< 0.05), number of repetitions: 12.](molecules-25-01433-g005){#molecules-25-01433-f005}

![The effect of different concentrations (0.1%, 0.5%, 1% and 2.5%) of four types of surfactants (SLES, SCS, SARKO and SLS) combined with 2.5% ectoine (E) on neutral red dye uptake in cultured fibroblasts after 1 (**A**) and 24 (**B**) h of exposure. Data are the mean of four independent experiments, each consisting of three replicates per treatment group. Different letters on the charts indicate significant differences between groups (*p* \< 0.05), number of repetitions: 12.](molecules-25-01433-g006){#molecules-25-01433-f006}

###### 

The effect of different concentrations (0.1%, 0.5%, 1% and 2.5%) of four types of surfactants (SLES, SCS, SARKO and SLS) combined with 2.5% ectoine (E) on neutral red dye uptake in cultured HaCaT cells after 1 (**A**) and 24 (**B**) hours of exposure. Data are the mean of four independent experiments, each consisting of three replicates per treatment group. Different letters on the charts indicate significant differences between groups (*p* \< 0.05), number of repetitions: 12.
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###### 

Formulations of the analyzed samples.

                               Concentration \[%\]                                         
  ---------------------------- --------------------- ----- ----- ----- ----- ------ ------ ------
  Aqua                         Ad. 100                                                     
  Sodium lauryl sulfate        \-                    1.0   \-    \-    \-    1.0    \-     \-
  Sodium coco sulfate          \-                    \-    1.0   \-    \-           1.0    \-
  Sodium laureth sulfate       \-                    \-          1.0   \-    \-     \-     1.0
  Sodium lauroyl sarcosinate   \-                    \-    \-    \-    1.0   \-     \-     \-
  Ectoine                      2.50                  \-    \-    \-    \-    2.50   2.50   2.50
  Citric acid                  To pH 5.5 ± 0.1                                             
